This paper presents the first experience of a close range bird's eye view photogrammetry with range imaging (RIM) sensors for the real time generation of high resolution geo-referenced 3D surface models. The aim of this study was to develop a mobile, versatile and less costly outdoor survey methodology to measure natural surfaces compared to the terrestrial laser scanning (TLS). Two commercial RIM cameras (SR4000 by MESA Imaging AG and a CamCube 2.0 by PMDTechnologies GmbH) were mounted on a lightweight crane and on an unmanned aerial vehicle (UAV). The field experiments revealed various challenges in real time deployment of the two state-of-the-art RIM systems, e.g. processing of the large data volume. Acquisition strategy and data processing and first measurements are presented. The precision of the measured distances is less than 1 cm for good conditions. However, the measurement precision degraded under the test conditions due to direct sunlight, strong illumination contrasts and helicopter vibrations. * Corresponding author. Tel. +41 44 633 30 41
INTRODUCTION
Measurement of surfaces and their geometrically accurate reconstruction for visualization in three-dimensional models is an important challenge in several geodetic and environmental applications. Detailed topographical measurements are for example essential for many geomorphological research questions. However, particularly in steep mountainous areas it is difficult to measure complex morphologies. Measurements are complicated by vegetation cover, uneven and steep terrain, and difficult accessibility (Nitsche et al. 2010 ). Airborne Lidar systems or terrestrial laser scanners are difficult to use in those regions because they need line of sight, elevated positions and good aerial or road access. Terrestrial laser scanning (TLS) is a rapid, precise and costly survey technique to measure fluvial topography for example under good conditions (Hodge et al. 2009 ). However, the fine mechanical scanning devices can make it difficult to use laser scanner under hazardous environmental conditions (Marszalec et al. 1995) . Stereo photogrammetry needs good contrast in a scene to identify features in two images and to measure their displacement. Furthermore, the stability of the ambient light level and spatial distribution of target reflectivity have an impact on the performance of those systems (Sackos et al. 1996) . Range Imaging (RIM) offers a per-pixel distance measurement as well as a grey scaled image of the scene of up to 50 frames per second (f/s). According to the manufacturer, the ranging accuracy of the current model SR4000 is +/-1.5 cm for objects within a distance of 8 m at a level of 99 % reflectivity (MESA Imaging AG 2011).
Nadir view is necessary for many mapping and monitoring applications, e.g. road surface reconstruction (Yu et al. 2007 ), vegetation monitoring (Rango et al. 2009 , Tucker 1979 , agricultural surveillance and decision support (Herwitz et al. 2004 ) and measuring fluvial topography (Nitsche et al. 2010) . For the measurement of rough terrain nadir view is often inevitable to minimize or avoid scan shadows behind larger objects like boulders as well as to minimize the amount of scan positions. In the first experiment, the RIM cameras were mounted on a lightweight camera crane that can lift up to 3.5 kg. The crane had a maximum usable arm length of 4.8 m and offered a top view of up to 4.6 m above the ground (ABC Products 2010). The acquired 3D images of the mounted RIM camera have to be matched by connecting points that have been measured by a total station or global navigation satellite system (GNSS) to be geo-referenced in a global coordinate system.
In the second experiment, a RIM camera was tested on an unmanned aerial vehicle (UAV). An UAV is semiautonomously or autonomously flying remotely controlled aerial vehicle. The platform can be equipped with a photogrammetric measurement system, including, but not limited to a small or medium size still video or video camera, thermal or infrared camera systems, airborne Lidar system, or a combination of such equipment. Current standard UAVs allow registration and tracking of the position and orientation of the implemented sensors in a local or global coordinate system. Hence, UAV photogrammetry can be understood as a new photogrammetric measurement tool. UAV photogrammetry opens various new applications in the close range domain, combining aerial and terrestrial photogrammetry, but also introduces new (near-) real time application and low-cost alternatives to the classical manned aerial photogrammetry (Eisenbeiss 2009 ). In the presented work the RIM camera CamCube 2.0 was mounted on the unmanned helicopter NEO S-300 by Swiss UAV that can be controlled manually, assisted or completely autonomous and is able to lift up the equipment, including RIM camera, Netbook and batteries of about 5 kg in total.
RANGE IMAGING
RIM cameras acquire the distance information of the scene for each individual pixel coded in 16 bit grey values by the time-offlight (TOF) principle (Lange et al. 2001) . The direct output of Cartesian 3D coordinates is possible as well. These solid state constructions contain no moving parts. RIM cameras use an amplitude-modulated continuous light emitter along with a CCD/CMOS receiver. The sensor samples the reflected light regularly and measures the phase shift φ of the modulation with an autocorrelation function (Möller et al. 2005 ) from which the distance can be calculated. The tested range imaging cameras operate with a wavelength of 850 to 870 nm and a modulated frequency of 25 -30 MHz. The current array size varies between 64 x 48 and 204 x 204 pixels (Kohoutek 2009 ).
Several calibration approaches for RIM cameras have been developed to compensate for intrinsic error sources like temperature and lens distortion (e.g. Kahlmann, 2009; Westfeld et al., 2009; Lichti et al., 2010; Böhm and Pattinson, 2010) . However, camera calibration is not straightforward and beyond the scope of the present paper. The manufacturing specifications for the tested cameras are shown in Table 1 . 
BIRD'S EYE VIEW REALIZATION

Light weight crane and RIM
For the measurements in an alpine streambed, the RIM camera CamCube 2.0 was mounted on the commercial lightweight camera crane MiniCrane 520 by ABC Products (Figure 1 ). Larger areas were captured by turning and moving the crane. An overlapping of 30 -50 % of the camera footprints simplified data assembly during post processing. The integration time of the CamCube camera was 2500 μs. The test area in the streambed of the Erlenbach (Switzerland) has a length of around 40 m and was captured with 60 footprints (Figure 2 ). The effects of varying ambient light conditions, water and wet rock surfaces on the distance measurement in mountain streambeds have been described by Nitsche et al. 2010 . Thereby, the quality of single distance measurements clearly varied with ambient light conditions. While measurements at night revealed greatest details of the surface, the image became obscured at direct sunlight exposure due to a worse signal-tonoise-ration. Noise was reduced and the quality of the distance data was enhanced by averaging of 30 repeated distance measurements. Using a 3 x 3 matrix median filter was effective to remove remaining noise and implausible values (Nitsche et al., in prep.) . Accurate measurements on or through water surfaces were difficult to obtain. On flat water surfaces it was possible to penetrate the water up to 5 cm and it would be possible to analyse these data in matters of multimedia photogrammetry (Maas, 1995) . However, usually turbulent water scattered the light and led to large variations in the distance measurements.
A total number of 100 reference points have been measured, to merge the footprints and to geo-reference the resulting point cloud (Figure 2 ). Those reference points were round targets, made of retro-reflective material, with a diameter of 4 cm Three to six reference points have been placed at the edges of each footprint. From the referenced point cloud a digital terrain model (DTM) was generated with standard interpolation techniques (Figure 3 ). The point density inside the DTM is 2.4 points/cm 2 .
Figure 2 RIM footprints overlapping a laser scan from the study site "Erlenbach".
Figure 3 DTM (shaded relief) of "Erlenbach" generated from range images.
UAV and RIM
For the first experience with RIM cameras mounted on a UAV system, an open field in the countryside was selected as test area. A prototype of the unmanned helicopter NEO S-300 (Figure 4 ) system from Swiss UAV was employed as an experimental platform. The NEO S-300 has a maximum take-off weight of 85 kg and a size of 275 x 95 x 86 cm (L x W x H). Its rotor diameter is about 300 cm. Powered by a 12 kW JetA1 single turbine, the NEO can reach a speed of 120 km/h with a flight time of up to 90 minutes and a maximum mission range of about 50 km. With these specifications, the helicopter can fly in the autonomous and assisted flight mode supported by the GPS/INS based autopilot system. The observed GPS coordinates can be used for the georeferencing process of the acquired image data. A payload volume in the helicopters nose can accommodate various camera, laser or radar systems. The hull is divided up into several lids which can be removed. They give access to the modular electronics and mechanical components, allowing easy maintenance and exchange. The outer NEO shell is made of carbon composite materials and acts as the structural component of the helicopter (Swiss UAV 2011) . This NEO prototype operates without a shell and allows the quick attachment and modification of the measurement equipment. In addition to the RIM camera, a 360° prism was mounted on the UAV ( Figure 5 ) to track the helicopter's position with a total station. The comparison of the onboard generated GPS position with the tachymetry measurements will be analyzed in upcoming works and is not part of this study. During the test, the NEO was steered in the assisted flight mode. For the data acquisition over the test area, the UAV system hovered in three height levels, at 3 m, 5 m and 7 m above the ground, limited by the ambiguity range of the RIM sensors.
To verify the resolution of the RIM camera at different flight heights, a non-geo-referenced test field was created with several objects varying in size, shape and material. The smallest objects in the test field were cylinders with a height of 5 cm. Furthermore, spheres of 12 and 15 cm diameter and lumbers, a plastic box and ~40 cm high cones completed the test field ( Figure 6 ).
One of the practical challenges in the experiment was the energy supply for the RIM camera. Several 12 V/2 Ah batteries were mounted on the helicopter to support an operating window of ~10 minutes for the RIM camera. For the first test, a standard Netbook was used for capturing the images. The mechanical hard disk did not properly work during the flight due to the vibrations of the helicopter jet engine. Consequently a Netbook with solid state disk (SSD) was mounted on the helicopter for the data acquisition. Although the SSD was not influenced through the vibration of the UAV system, the processor was not powerful enough to acquire range images with a sufficient frequency. In comparison to the first experiment in the Erlenbach, the images during the UAV test were taken with 4 f/s (frames per second) instead of 16 -20 f/s. This was solely a result of the slow Netbook processor. This low frame rate strongly influenced the data processing. As mentioned in chapter 2.1, a single range image is very noisy and data quality has to be enhanced by averaging a number of images of the same footprint. The measurements from the UAV did not yield enough images from one area to calculate an average image for useful noise reduction. However, it was possible to detect the test field objects in a single exposure (Figure 7) . Examining the intensity image already gives an impression on the high noise level. However, the test field objects are clearly visible. In contrast, the median filtered range image shows only the box object clearly. Smaller objects cannot be distinguished from the noise. A better result would be achieved using the intensity image 1 and amplitude image 2 together to define regions of interest in the range image. For further tests it is necessary to improve robustness and speed of the computer processor and disk for image acquisition.
CONCLUSION
In the present paper, the suitability of RIM cameras as aerial image sensors has been presented in two experiments. Experimental tests to evaluate the sensors usability and performance in new outdoor applications have shown reasonable accuracy and precision for a mobile airborne sensor platform. Range imaging cameras can be used as aerial photogrammetry sensors to generate 3D surface models with centimetre resolution. Georeferencing of those models can be done by additional sensors like total stations or GNSS. Hereby, reference points or the position of the imaging platform can be determined. The main advantage of range imaging in comparison to TLS is its light weight and robustness, which enables us to mount the camera on small unmanned aerial vehicles. Furthermore, RIM cameras measure a complete distance image at a time and they capture grey scale images in real time video mode. The camera size, weight and the costs for the sensors are relatively low compared to a laser scanner. However, compared to a stereo camera system the image size is smaller (204 x 204 pixels CamCube 2.0 vs. 1280 x 960 pixels Bumblebee XB3). On the other hand the smaller size is a great advantage with respect to fast data processing and the corresponding point problem from stereo vision does not exist for a still-video RIM camera system. The first tests with RIM and UAV platforms showed that this combination of sensors is a promising technique for fast 3D data acquisition (e.g. river beds in alpine areas). However, a moving platform adds additional problems to the measurement. Besides helicopter vibrations and power supply, the computer speed for image acquisition was the main limiting factor in our test, which has to be improved for future investigations. In conclusion, the combination of a RIM sensor and an UAV may be used as a fast mapping system under hazardous environmental conditions in future applications.
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